INTRODUCTION 67 68
Since the existence of the remarkably stable carbon cluster C 60 was first reported by Kroto et 69 al. 1 in 1985, fullerene nanoparticles have been studied in depth in various fields because of their 70 unique structure and potential as new nanomaterials. Today, interest in the use of the fullerene 71 family in several electronic, biomedical and photovoltaic applications, as well as in personal care 72 products (PCPs) is increasing, and rapid growth in the development, production and use of these 73 compounds is predicted over the next decade, so their dispersion in the environment is to be 74 expected. 2, 3 Fullerenes present unique colloidal properties in water which can affect their behavior 75 in the environment. For instance, it has been reported that although the C 60 fullerene is practically 76 insoluble in water, it can spontaneously form stable aqueous colloidal suspensions containing 77 nanocrystalline aggregates with effective aqueous phase concentrations many orders of magnitude 78 above that corresponding to the aqueous solubility of molecular fullerenes. Few data on the toxicity 79 of these compounds are available, mainly due to their low aqueous solubility, which requires the 80 combination of chemical dispersants such as THF 4 with stirring or/and sonication. 5 Moreover, the 81 ability of carbon nanomaterials to form aggregates could change their bioavailability, producing 82 additional toxicological concerns. 6 The lack of specific analytical methods for their determination 83 presents a significant limitation when attempting to evaluate the risk these materials present to 84 human health and the environment. 7, 8 85 Although liquid chromatography (LC) with UV detection has been proposed for the 86 analysis of fullerenes, [9] [10] [11] [12] [13] [14] liquid chromatography-mass spectrometry (LC-MS) is the most 87 commonly used technique nowadays for the determination and characterization of fullerenes and 88 substituted fullerenes in complex matrices. 11, [15] [16] [17] [18] [19] [20] [21] [22] [23] Most of these studies have mainly dealt with the 89 separation and determination of C 60 and C 70 fullerenes or some of the C 60 -substituted fullerenes. 10- 
90
14,21-23 Separation of higher fullerenes by reversed-phase chromatography has also been reported, 9,15- 91 17, 20 but long run times are usually required. For the LC-MS analysis of these compounds, both 92 electrospray ionization (ESI) 17, 19, 20, 23, 24 and atmospheric pressure chemical ionization 93 (APCI) 11, 15, 16, 18, 21, 22 have been used as ionization sources. 94
In 2000, Bruins and co-workers developed atmospheric pressure photoionization (APPI) as a 95 complementary ionization source for LC-MS, 25 expanding the application of LC-MS to non-polar 96 compounds and compounds which are difficult to ionize by ESI and/or APCI. [26] [27] [28] There are very 97 few examples in the literature of studies reporting the analysis of fullerenes using APPI as the 98 ionization source. Some authors have used C 60 as a test analyte to study the performance of APPI, 99 reporting that fullerene ionization occurred through a solvent mediated ionization mechanism 100 yielding the radical molecular ion [M] -• as the base peak of the mass spectrum. [29] [30] [31] Kawano et al. 32 proposed a LC-APPI-MS method for the determination of C 60 This paper evaluates the applicability of negative ion APPI for the analysis of a wide range 109 of fullerene compounds (C 60 , C 70 , C 76 , C 78 and C 84 ) and reports in-depth the study of their APPI MS 110 spectra. These spectra are compared with those found when using other atmospheric pressure 111 ionization (API) sources and possible discrepancies are discussed, taking into account the different 112 ionization mechanisms. Lastly, a sensitive and fast UHPLC-APPI-MS method using enhanced mass 113 resolution is proposed which has been applied to the analysis of fullerenes in surface waters. Haën (Seelze, Germany) and toluene (HPLC-grade) from Sigma-Aldrich. Toluene is toxic and was 123 handled in accordance with the most current material safety data sheets. 124
Chromatographic separation was evaluated using two C18 reversed-phase liquid 125 chromatography columns: Ascentis Express C18 (150 x 2.1 mm, 2.7 µm particle size) from Supelco 126 (Gland, Switzerland) and Hypersil GOLD C18 (150 x 2.1 mm, 1.9 µm particle size) from Thermo 127
Fisher Scientific (San José, CA, USA). 128
Stock standard solutions of fullerenes (10 mg kg -1 ) were individually prepared by weight in 129 toluene and stored at 4 o C. Working solutions were prepared weekly by appropriate dilution of the 130 stock standard solution in toluene:methanol (50:50 v/v). Mobile phases were filtered using 0.22 µm 131 nylon membrane filters (Whatman, Clifton, NJ, US). 132 Nitrogen (99.98% pure) supplied by Claind Nitrogen Generator N 2 FLO (Lenno, Italy) was 133 used for the API sources and high-purity Argon (Ar1), purchased from Air Liquid (Madrid, Spain), 134 was used as a collision-induced gas (CID gas) in the triple quadrupole instrument. 135
136

LC-MS (triple quadrupole analyzer) 137 138
An ultra-high performance liquid chromatography (UHPLC) system (Accela system; 139 Thermo Fisher Scientific), equipped with a quaternary pump, autosampler and column oven was 140 used. The final chromatographic separation was performed in the Hypersil GOLD C18 (150 mm x 141 2.1 mm i.d., 1.9 µm particle size) column using toluene:methanol (45:55 v/v) as mobile phase, 142 isocratic elution at a flow-rate of 500 µL min Extraction of fullerenes was performed following a previously described method 23 with 193 some modifications. Samples were processed in triplicate using aliquots of 500 mL. Briefly, the 194 homogenized water sample was filtered through Glass Microfiber filters (4.7 cm, Whatman, 195
Maidstone, England) to collect the water suspended material and the filters were then dried at 50 o C 196 for 4h. The filters were subjected to three batch extractions of toluene (25 mL) by sonication for 15 197 min. Toluene extract (75 mL) was then evaporated to 1 mL using nitrogen in a Turbovap  II 198 Concentration Workstation (Zymark Corporation, Hopkinton, Massachusetts, USA), and finally 199 evaporated to dryness with a Visidry vacuum manifold (Supelco) using plastic vials to prevent 200 adsorption. 12 The dried extract was reconstituted in 1 mL of toluene:methanol (50:50 v/v) solution 201 and transferred to an amber-glass injection vial. Finally, 10 µL of this extract was injected into the 202 UHPLC-MS system. 203
204
RESULTS AND DISCUSSION 205
Chromatographic and Matrix Effect studies 206
The chromatographic separation of fullerenes can be achieved by C18 reversed-phase 207 chromatography using conventional LC columns (5 µm particle size) [10] [11] [12] [13] 17, [20] [21] [22] [23] mainly with 208 toluene-methanol or toluene-acetonitrile mixtures as mobile phase. In order to reduce analysis time, 209 in this study two C18 reversed-phase columns were evaluated, a fused-core (Ascentis Express) and 210 a sub-2 µm (Hypersil GOLD) column. These column technologies are nowadays the main 211 alternatives for fast UHPLC separations. Figure 1 shows a good chromatographic separation on 212 both columns using toluene:methanol 45:55 (v/v) as mobile phase and isocratic elution mode. 213
However, in contrast to the behavior generally observed for relatively small molecules, which show 214 slightly lower retentions in fused-core columns than in sub-2 µm particle size columns, [35] [36] [37] 215 fullerenes showed higher retention, and this was particularly the case for larger fullerenes. This can 216 probably be attributed to the fullerenes' size (~10 Å for C 60 ) and symmetry, which facilitated a 217 higher interaction in the fused-core column, with the smallest porous size (90 Å), than in the sub-2 218 µm column (175 Å). This effect was also observed when comparing sub 2-µm columns of different 219 porous sizes. This higher interaction could also explain the slight peak tailing observed for all 220 fullerenes in the fused-core column (for instance, the asymmetry factor for C 70 was 1.3 on the 221 fused-core column against 1.0 on the sub-2 µm column). Although higher flow rates can be used 222 with the fused-core column because of its low pressure, the separation of C 76 and C 78 worsened. 223
Thus, the sub-2 µm particle size column (Hypersil Gold) was selected for the chromatographic 224 separation of fullerenes with run times lower than 3.5 minutes. 225
It is well known that the use of toluene as dopant improves ionization efficiency when 226 coupling LC to mass spectrometry using the APPI source. 38 Toluene is usually added post-column 227 into the LC eluent flow, but in LC separation of fullerenes it is one of the components of the mobile 228 phase (toluene:methanol 44:55 v/v). This could explain the higher ionization efficiency observed 229 when using solvent mediated negative-ion APPI in comparison to that found with other API sources. 230
As an example, Figure 2 have been normalized to the highest signal (C 60 with APPI). As can be seen, APPI provided the 251 highest responses (Figure 2a) , and the signal for C 60 and C 70 was more than 20 times higher than 252 that observed for the larger fullerenes (Figure 2b) . Regarding H-ESI, this source gave better results 253 than ESI mainly for larger fullerenes, while APCI showed a bad performance for the ionization of 254 this family of compounds. 255
In general, it has been reported that APPI generates more reproducible signals and it is less 256 susceptible than APCI and ESI to ion suppression by matrix effects or salt buffers. 39 Nevertheless, 257 some authors have found matrix effects when using APPI, as happened for instance in the analysis 258 of hexabromocyclododecane enantiomers in environmental samples (1-20% matrix effect) 27 or of 259 pharmaceuticals in wastewater samples. 40 In our study, we evaluated the matrix effect on those API 260 sources providing better ionization efficiencies for fullerenes (APPI and H-ESI). M+3 (see Figure 3a and Figure 1S in the supporting information for C 60 negative and positive MS 276 spectra, respectively), although negative MS spectra signals were more than 200 times higher than 277 those of positive MS spectra. However, these isotope patterns did not match those obtained with 278 ESI and APCI or with the theoretical ones, showing higher than expected relative abundances of 279 m/z M, M+1, M+2 and M+3 for all the studied compounds. 11, 19 eV. This suggests that in addition to 13 C, another ion contributed to the relative abundance of 294
- . In positive mode this ion can be assigned to the protonated molecule. To determine the 295 identity of this new ion in negative mode, high resolution mass spectrometry (HRMS) and accurate 296 mass measurements in a FT-ICR instrument were used. Figure 4 gives the HRMS spectrum of the 297 C 60 fullerene at a mass resolving power of 400,000 FWHM, showing that two ions are present in the 298 signal at m/z M+1, the most intense one due to the contribution of 13 explained by the addition of oxygen to the fullerenes. 20, 23, 24, 32 Although these ions are present at 307 low relative abundances, we intended to characterize them in order to better understand the 308 behavior of this family of compounds in APPI. For this purpose, tandem mass spectrometry 309 experiments in a triple quadrupole instrument were carried out. When the ion at m/z M+16 was 310 selected as precursor ion, two product ions shifted in mass 15 Da and 16 Da were observed. These 311 results revealed that the ion at m/z M+16 cannot be assigned to the addition of oxygen alone, 312
[M+O]
- , as previously described in the literature 32 , but must also be assigned to [M+CH 4 ] - or to 313 the presence of both isobaric ions. As an example, Figure 3d shows the product ion spectrum in 314 negative mode corresponding to the precursor ion at m/z 736 (fullerene C 60 ) that yields the product 315 ions at m/z 721 and 720. In order to correctly assign the ion at m/z 736, HRMS and accurate mass 316 measurements were performed using an Orbitrap mass analyzer operating at a mass resolving power 317 of 100,000 FWHM. As can be seen in Figure 5a The other ion at m/z 736.0314 [M+CH 4 ] - could be generated by the gas-phase ion molecule 330 reaction of [M] -• with a •CH 3 and subsequent stabilization by hydrogen addition. 41 Among other 331 ions present in the cluster, the one at m/z 735.0239 can be explained by the addition of •CH 3 , which 332 can lose one hydrogen giving as a result the ion at m/z 734.0165 (Figure 5a) . The ions at higher m/z 333 values can be assigned to the corresponding isotopic cluster ions of both M+16 ions, although 334 isobaric ions due to the addition of hydrogen can also be present. To separate these isobaric ions a 335 mass resolving power higher than 300,000 FWHM is needed but the limited sensitivity of the FT-336 ICR at this mass resolving power prevented the confirmation of their presence. 337
The observed alkyl additions can be explained by the presence of methanol in the gas-phase. 338
In order to verify this hypothesis, the mass spectra of the fullerene C 60 in 100% toluene and in (Figure 1Sb ). The alkyl additions were probably due to the reaction 346 between fullerene radical ions and the alkyl radicals generated by the photodissociation of methanol 347 and acetonitrile in the APPI source. This behavior was not observed when using ESI in negative 348 mode with toluene:methanol (1:1), where only the addition of oxygen took place . 349
The other cluster ion M+32 observed in the full scan MS was also studied following the 350 same strategy. As can be seen in Figure 5b between 60 and 650 ng L -1 were found for larger fullerenes ( Table 1 ). The slightly higher values 377 obtained in the sample matrix (Table 1) can be related to the matrix effects observed in APPI. 378
Alternatively, a SIM method (Q at 0.7 m/z FWHM) monitoring the three most intense ions of the 379 fullerene isotope clusters ([M] - , M+1 and M+2) to fulfill confirmatory requirements 42 was also 380 tested although in this case worse ILODs (22-to 29-fold higher) were found for C 60 and C 70 (Table  381 1S, supporting information) . So, H-SIM mode and matrix-matched calibration is proposed for the 382 analysis of fullerenes. to-run precision. Day-to-day precision was determined by performing 15 replicate determinations 390 on three non-consecutive days (five replicates each day). The relative standard deviations (RSDs) 391 based on concentration ranged from 5.7 to 6.9% (run-to-run) and from 8.9 to 9.6% (day-to-day), 392
showing very good performance. Moreover, comparison of the calculated concentration of the Method reproducibility was determined by performing analyses of a river water sample free of fullerenes spiked at 1 ng L -1 for C 60 and C 70 and at 100 ng L -1 for larger fullerenes, and RSD (%) values lower than 12.8% for both run-to-run and day-to-day precisions (Table 1) were obtained,
showing that sample treatment did not considerably affect method reproducibility. These results allow us to propose the developed method for the analysis of fullerenes in water suspended material.
A total of six river and pond water samples were analyzed and the results obtained are summarized in Table 2 . As an example, Figure 6 Quantitation was performed using matrix-matched calibration by preparing the standards in sample matrix and the results were corrected with recoveries. The high sensitivity and selectivity of the UHPLC-APPI-MS (H-SIM) method proposed has allowed to detect for first time fullerenes in surface water although generally at concentrations near the quantitation limits. Fullerenes C 60 and C 70 were detected in almost all the samples but could only be quantified in some of them. These compounds have also Pond sample 2 been found in effluents of wastewater treatment plants. 23 Regarding larger fullerenes no data about concentration levels in environmental samples have been reported in the literature until now. Our results show that these compounds, mainly C 84 , can also be present in surface water at concentration higher than fullerenes more frequently studied, C 60 and C 70 . The presence of fullerenes in the analyzed surface water could be related to the location of the sampling points near to the landing strips of an airport and a racetrack because of the formation in combustion processes of fullerene-like carbon particles in petrol soot.
43,44
Conclusions
The advantage of using negative ion APPI to improve the ionization of a wide range of fullerene compounds (C 60 , C 70 , C 76 , C 78 , and C 84 ) has been demonstrated. A considerable improvement in fullerene sensitivity was observed in APPI compared to other API sources, which was attributed to the use of toluene for solvent-mediated APPI ionization. Moreover, APPI showed a reduced matrix effect (ion suppression lower than 35%) in comparison to that observed for H-ESI These processes took place via the reaction between fullerene radical ions and the alkyl radicals generated by the photodissociation of methanol in the APPI source.
A sensitive and fast UHPLC-APPI-MS method is proposed for the analysis of fullerenes using enhanced mass resolution in H-SIM mode. Method quality parameters were established, with
MLOQs down to 10 pg L -1 for C 60 and C 70 fullerenes (between 0.75 and 5.0 ng L -1 for larger fullerenes), recoveries higher than 80%, and good method precisions (RSD values lower than 9 %).
The UHPLC-APPI-MS method proposed was applied to the analysis of fullerenes in river and pond water samples. This is the first paper reporting the presence of fullerenes in surface water. Larger fullerenes were found at concentration higher then C 60 and C 70 .
